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enables	 exhaust	 flow	 rate	 and	 exhaust	 temperature	 collection,	 as	 well	 as	 transfer	 of	 the	
exhaust	sample	to	each	of	the	emissions	instruments.	.................................................................................	9	
Figure	 2‐2.	 Overview	 of	 TOTEMS	 raw	 (for	 gases)	 and	 diluted	 (for	 particles)	 exhaust	 sample	
transfer	lines	with	associated	flow	rates	and	dilution	factors	(DF).	.......................................................	9	







formaldehyde	 (upper	 right);	m‐xylene	 (lower	 left);	 toluene	 (lower	 right).	Note	 that	 all	 four	
plots	are	log‐scale	ppm	concentrations.	............................................................................................................	24	
Figure	5‐5.		Box	plots	of	four	ScanTool	parameters	by	Run:		intake	mass	air	flow	(MAF,	upper	left),	


































An on-board tailpipe emissions instrumentation system was designed, assembled and tested as proof-of-concept 
for the University of Vermont’s Transportation Research Center (TRC) Signature Project #2 “real-world” vehicle 
emissions data collection effort.  This report summarizes the measurement system’s status as of June 2009 and 
demonstrates that the study team can reliably collect on-board emissions/vehicle performance data.  The purpose 
of the new instrumentation package is to collect real-world exhaust emissions for regulated (CO, HC, NOx) and 
unregulated (CO2, air toxics, particle number) pollutant species as well as vehicle operating parameters, all at 1Hz 
temporal resolution, while a test vehicle is driven on the road network in Chittenden County, Vermont.  Future 
data collected using the on-board system will be used to model the modal emissions of alternative vehicles. This 
report documents (i) the instrumentation system’s components and the research team’s proposed data collection 
methodology; and (ii) presents initial data sets collected by quantifying real-world emissions from a 1999 Toyota 
Sienna minivan that was used in previous studies conducted by the PI.   Unlike previous studies conducted by the 
PI (see Section 8 references for more detail), however, the new instrumentation package collects: (i) the full 
number distributions of particle emissions using a particle spectrometer instrument that was not available 
previously; and (ii) quantifies mobile source air toxic (MSAT) gaseous emissions in addition to criteria pollutant 
(CO, NOx, HC) and greenhouse gas (CO2, N2O, CH4) using a high-speed FTIR instrument specifically designed 
for on-board vehicle exhaust testing.   
 
This report summarizes initial measurements made by the Signature Project #2 study team using The On-board 
Tailpipe Emissions Measurement System (hereafter, “TOTEMS”) on-board the Toyota Sienna minivan as the 
“proof-of-concept” vehicle prior to initiating testing of two Toyota Camry study vehicles: one hybrid and one 
conventional.  The Camry data will be used to build the first second-by-second, real-world emissions database for 
hybrid and conventional light-duty vehicles under cold climate and hilly terrain conditions experienced in 
Vermont.  
As the data in this report document, TOTEMS is a fully functional set of instrumentation developed for 
quantifying tailpipe gas and particle pollutant concentrations, exhaust flow rates, exhaust temperatures, sampling 
temperatures, vehicle position, engine operating behavior, ambient conditions, and instrumentation condition.  All 
instrumentation is powered by an on-board battery power supply system to prevent artificial loads on the vehicle 
engine.   
 
Beginning on April 24, 2009, the instrumented vehicle and on-board emissions equipment was stored in the newly 
renovated Transportation / Air Quality Laboratory (“TAQ Lab”) in Perkins 104C on the University of Vermont 
campus.  This new laboratory space enables all of the TOTEMS setup, including all sampling train lines and 
power and communications cables to remain intact between individual sampling runs thereby preventing 
unnecessary changes to the setup over a sampling period.  For the data collected here, however, some instrument 
malfunctions led to differences in the suite of fully operating instruments during the six Proof-of-Concept runs 
summarized in Table 1-1.  Integer run numbers in Table 1-1 represent successful data collection with the full suite 
of vehicle operating and emissions instruments.  Two other runs (1.5 and 1.75) were completed while the FTIR 
gas instrument was down.  These QA/QC tests were conducted to quantify the particle spectrometer’s sensitivity 
to road vibration (Run 1.5) and to evaluate the capabilities of a new tiltmeter/ accelerometer for real-time road 
grade measurements (Run 1.75). 
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Table 1-1. Proof-Of-Concept Driving Runs Completed using Toyota Sienna Minivan  



















New route, Partial Run: 
Collected EEPS and CPC data 
over entire run with HEPA's on 
the inlets as well as ScanTool, 
GPS and Labview data

































Batteries OK:      
pre-run voltage = 
12.46            
post-run voltage = 
11.91
12:00:00 13:20:58
Partial Run: No emissions 
instruments included. Test of 
tilt meter and included 
ScanTool, Labview and GPS 
data
1:20:58
Batteries OK:      
pre-run voltage = 
12.44            
post-run voltage = 
11.81
15:42:38 16:49:12
Batteries OK:      
pre-run voltage = 
12.45            
post-run voltage = 
11.88
Complete Run: FTIR lost much 
of its signal at midpoint of run, 
T2 malfunctioned
1:06:34
Complete Run: FTIR lost much 
of its signal at midpoint of run. 
Problem determined to be 
caused by condensation 
(addressed and now fixed) 
GAR GPS would not acquire 
signal
Complete Run: CPC 
malfunctioned because of high 
ambient temperatures. GAR 
GPS would not acquire signal 











Run too long, cut 
short because 
battery voltage 








An on-board battery system is used to power all instruments without drawing electrical power from the test 
vehicle itself, which would add load to the engine and thereby affect emissions from the tailpipe.  Although the 
additional weight of the batteries adds load to the vehicle’s engine during acceleration and climbing, this added 
load can be compensated for by simply expressing it as the difference in weight between a stock vehicle and our 
loaded test configuration.  
 
A pair of AGM (Absorbent Glass Mat) sealed lead-acid batteries provides the instrument power.  This variety of 
battery is more durable, has a longer life-span, and is safer than other heavy-duty rechargeable battery types.  The 
batteries are charged from utility power inside the TAQ Lab.  Once the vehicle leaves the TAQ Lab, the batteries 
supply DC power to the inverters.  The inverters then convert the DC battery power into AC power for use by the 
instruments, effectively providing a temporary power source that is equivalent to the standard 120 Volt, 60 Hz 
utility power that the instruments are designed to use.  
 
Standard Operating Procedures (SOPs) documentation written by the project team describes the use (and daily 
maintenance) of the batteries, inverters, and chargers for the on-board vehicle tailpipe data collection.  These 







drop	 below	 the	 11.60	 volt	 60%	 battery	 power	 remaining	 threshold.	 	 The	 AGM	 batteries	must	 not	 drop	
below	this	threshold	in	order	to	maintain	their	long‐life.	Because	the	driving	route	–	including	warm‐up	–	
takes	 about	 90	minutes	 to	 complete,	 it	will	 be	 challenging	 to	 complete	more	 than	 one	 full	 run	 per	 day.	
Recharging	the	batteries	takes	about	6	hours,	so	the	only	opportunity	to	collect	two	runs	in	a	day,	including	
individual	 quality	 assurance/quality	 control	 (QA/QC)	 samples	 for	 each	 run,	would	 be	 to	 collect	 the	A.M.	
peak	 and	 P.M.	 off‐peak.	 This	 scheduling	 will	 demand	 a	 considerable	 time	 investment	 on	 study	 team	




The	 TOTEMS	 emissions	measurement	 setup	 pulls	 engine	 exhaust	 from	 the	 tailpipe	 adapter	 (Figure	 2‐1)	














Table	 2‐1	 summarizes	 the	 sensors	 used	 to	 record	 data	 during	 vehicle	 test	 runs.	 Data	 from	 the	







Brief	 descriptions	 of	 these	 instruments	 are	 given	below.	 	More	 detailed	 information	 is	 found	 in	 the	 SOP	
documentation	for	each	instrument	that	is	available	from	the	PI	upon	request.	
	
Table 2-1. TOTEMS Instrument Descriptions 
2.3.1 Accelerometer 
The	 Crossbow	 3‐axis	 accelerometer	 unit	 measures	 real‐time	 vehicle	 acceleration	 in	 the	 x,	 y,	 and	 z	
directions,	where	the	x‐axis	is	“forward”	(in	the	vehicle’s	body	frame	coordinate	system),	y	is	“lateral”,	and	
z	is	“vertical”.		This	data	is	recorded	by	the	LabView	software	that	runs	on	the	“Emissions	PC”	(a	Windows	
PC	that	remains	within	 the	vehicle	during	testing).	 	The	significance	of	 the	vehicle	acceleration	data	 is	 to	
provide	a	profile	of	 the	kinetic	state	of	 the	vehicle	over	 time	with	which	to	compare	 the	data	on	 tailpipe	




The	ScanTool	used	 for	 these	Proof‐of‐Concept	 runs	was	 the	 “AutoEnginuity	ScanTool	OBD‐II	Connector”.		
This	 device	 is	 attached	 to	 the	 On‐Board	 Diagnostics	 (OBDII)	 communication	 system	 of	 the	 vehicle,	 and	
records	data	on	user‐selected	parameters	directly	to	the	on‐board	computer	using	dedicated	scantool	data	
Instrument Make/Model Instrument Acronym
Measurement 
Rate Purpose
Engine Exhaust Particle Sizer Spectrometer TSI, Inc./3090 EEPS 10 Hz Size and count the particles (5.6 to 560 nm)
Ultrafine Condensation Particle Counter TSI, Inc./3025A UCPC 1 Hz Count total (3nm to 3um) particles
MD19-2E Rotating Disk Diluter Matter Engineering/379020 RDD 1 Hz First stage of dilution (DF = 16.9)
Air Supply Evaporation Tube 15-1 TSI, Inc./379030 ASET N/A Second stage dilution (DF = 7.1)
Fourier Transform Infrared Spectrometer MKS/MG2030HS FTIR 5 Hz Quantify 27 gaseous species
Type J thermocouple Omega/GJMQSS-125E-3 N/A 1 Hz Tailpipe exhaust temperature
Type T thermocouple Omega/GTMQSS-125E-2 N/A 1 Hz
Exhaust temperature at (i) end 
of heated line and (ii) at FTIR 
inlet
Accelerometer Crossbow/CXLO2LF3 N/A 1 Hz Records acceleration in x, y, and z directions
Scan Tool AutoEnginuity SCN 1 Hz Record engine operating parameters
Garmin GPS Reciever Garmin/GPS16-HVS GAR 1 Hz Records vehicle location
Geologger Geostats/DL-04, Ver. 2.4 GEO 1 Hz Vehicle location (backup)
Pitot Tube & Differential Pressure 
Transducers
United Sensor Corp/ Type PC   
Omega Engineering/ PX-277 N/A 1 Hz Records exhaust flowrate
Tailpipe Adapter Custom Built N/A N/A
Connects instruments to 
tailpipe for exhaust 
measurement
Video Camera Canon/Optura 30 N/A N/A Record audio and video of run
Relative Humidity and Temperature Sensors HOBOware/pro v2 U23-001 RHT 1 Hz Collect in- and out-of-vehicle relative humidity and temp
FTIR Laptop Dell/Latitude D630 N/A N/A
Records concentration and 
spectra from the FTIR.  Intel 
Core 2 Duo CPU, T7700 at 2.40 
GHz, 1.0 GB of RAM
On-Board Emissions PC Dell/Optiplex GX620 N/A N/A
Records all data except the 
FTIR output. Intel Pentium D 











The	 Garmin	 GPS16‐HVS	 receiver	 provided	 real‐time	 vehicle	 location	 information	 and	 was	 used	 to	
synchronize	 the	 two	 computer	 clocks.	 	 From	 the	data	 available	 through	 this	 sensor,	 the	 vehicle	 velocity,	
direction,	 and	 acceleration	 could	 also	 potentially	 be	 determined,	 but	 with	 much	 less	 accuracy	 than	 is	
available	from	other	instruments.		Therefore,	in	this	application	the	GPS	sensor	is	only	used	for	determining	




that	 uses	 precision	 base	 stations	 to	 measure	 GPS	 error	 and	 then	 broadcast	 corrections	 via	 satellite.	
According	to	the	Vermont	Center	for	Geographic	Information	(VCGI),	WAAS	has	limited	value	in	Vermont,	
however,	due	to	 the	 large	distance	to	 the	nearest	base	station.	 	Therefore,	post	processing	 is	used	as	 the	

















Because	 both	 the	 gas	 and	 particle	 instruments	 record	 their	 measurements	 as	 concentrations	 per	 unit	
volume,	the	exhaust	flow	rate	(or	exhaust	volume/time)	is	needed	to	calculate	second‐by‐second	exhaust	
emission	 rates	 (mass	 (or	 number)/time).	 	 	 The	 pitot	 tube	 (United	 Sensor	 Corp,	 Type	 PC)	 differential	
pressure	 reading	 is	 used	 to	 provide	 the	 needed	 measurements	 on	 the	 exhaust	 flow	 rate.	 	 LabView	 7.0	
captures	the	data	from	the	four	variable	range	differential	pressure	transducers	(Omega	Engineering	Model	
PX‐277)	that	are	connected	via	manifold	to	the	static	and	dynamic	pressure	ports	of	the	pitot	tube.		Regular	






The	 temperature	 sensors	 used	 for	 this	 application	 are	 either	 Type	 T	 or	 Type	 J	 exposed	 junction	
thermocouples	 (Omega	 Engineering),	 which	 each	 come	 with	 a	 2‐inch	 long,	 0.125‐inch	 diameter	 probe.		
Type	T	thermocouples	are	used	at	(i)	the	4‐way	fitting	connected	to	the	heated	transfer	line,	and	(ii)	at	the	
inlet	of	the	FTIR	gas	instrument.	Type	T	thermocouples	operate	normally	between	‐200	and	300°C	with	a	
1°C	 limit	of	 error.	A	Type	 J	 thermocouple	 is	used	on	 the	 tailpipe	adapter	because	of	 its	higher	operating	
range	(normally	between	0	and	700˚C	with	a	2˚C	limit	of	error).	This	variety	of	thermocouple	is	resistant	to	






TOTEMS	 uses	 two	 identical	 Onset	 HOBO	 U23‐002	 Data	 Logger	 remote	 operation	 relative	 humidity	 and	






manufacturer’s	 calibrations	 of	 a	 predetermined	 set	 of	 the	 27	 compounds	 listed	 in	 Table	 2‐2	 at	 a	
temperature	of	191oC.	 	Therefore,	prior	 to	measurement,	 the	exhaust	 sample	passes	 through	a	Atmoseal	
Heated	 Line	 IGH‐120‐S6/X‐G13	 heated	 transfer	 line	 from	 the	 tailpipe	 adapter	 to	 the	 inlet	 of	 the	 FTIR	
instrument.	
	



























Carbon Monoxide (1 of 2) ppm






























also	heated	 to	120˚	Celsius	 to	prevent	water	 from	condensing	out	of	 the	gas	when	 the	dilution	air	mixes	
with	the	raw	exhaust	gas.	Pockets	of	raw	gas	from	the	MD19‐2E	are	mixed	with	the	steady	clean,	ambient	
air	dilution	stream,	creating	the	first	stage	of	diluted	gas	with	a	dilution	ratio	of	1:16.9.	The	diluted	gas	then	





The	 particles	 are	 counted	 (±	 20%	 accuracy)	 and	 sized	 (±	 10%	 accuracy)	with	 the	 TSI,	 Inc.	Model	 3090	
Engine	 Exhaust	 Particle	 Sizer	 (EEPS)	 spectrometer.	 The	 EEPS	 operates	 using	 the	 theory	 of	 electrical	
mobility.	 As	 particles	 flow	 into	 the	 instrument,	 they	 pass	 through	 a	 positive	 charger	 which	 applies	 a	
positive	 charge	 to	 the	 particles,	 reducing	 the	 potential	 for	 overcharging	 by	 the	 negative	 charger.	 The	
particles	then	flow	past	the	negative	charger	–	which	applies	a	predictable	charge	based	on	particle	size	–	
and	 then	 enter	 the	 electrometer	 column.	 In	 this	 column,	 there	 are	 24	 electrometer	 rings,	 22	 of	 which	











maximum	 is	 different	 for	 each	 channel.	 Figure	B‐1	 in	Appendix	B	 graphically	 displays	 the	 concentration	







of	 different	 size	 particles.	 Particles	 that	 enter	 the	 instrument	 at	 the	 same	 time	 will	 not	 strike	 the	







to	 count	 the	 total	 particles	 in	 vehicle	 exhaust	 every	 second.	 This	measurement	was	made	 partly	 due	 to	
accuracy	 limitations	 of	 the	 EEPS,	 but	 also	 to	 validate	 the	 EEPS	 concentration,	 to	 compare	 results	 to	










Individual	 emissions	 tests	 consist	 of	 a	 single	 driver	 operating	 the	 vehicle	 under	 real‐world	 driving	
conditions	 over	 a	 specified	 driving	 route.	 	 Prior	 to	 beginning	 the	 route,	 a	 series	 of	 quality	 assurance/	
quality	 control	 (QA/QC)	 measurements	 and	 operations	 are	 performed	 in	 order	 to	 collect	 accurate	
















Table 3-1.   Proof-of-Concept Run Summary of Date and Times for Each Run Phase 
Run No. Date Start Stop Start Stop Start Stop Start Stop Start Stop Start Stop
1 1-Apr-09 12:37:01 12:47:00 13:08:01 13:18:00 13:19:00 14:41:21 14:30:22 16:14:03 16:44:01 16:44:21 17:05:01 17:15:00
1.5 12-May-09 N/A N/A N/A N/A N/A N/A 14:08:58 15:39:00 N/A N/A N/A N/A
1.75 14-May-09 N/A N/A N/A N/A N/A N/A 11:59:15 13:20:58 N/A N/A N/A N/A
2 17-May-09 12:42:01 12:52:00 14:30:01 14:40:00 15:15:00 15:31:37 15:31:38 16:37:17 16:56:20 17:06:19 17:31:28 17:41:27
3 21-May-09 14:12:01 14:22:00 14:46:01 14:56:00 15:15:16 15:42:37 15:42:38 16:49:12 17:06:39 17:16:38 17:40:56 17:50:55
4 22-May-09 12:46:01 12:56:00 13:40:00 13:49:59 14:01:27 14:14:35 14:14:36 15:22:30 15:39:15 15:49:14 16:11:41 16:21:40
Sampling Summary -- START AND STOP TIMES FOR RUN PHASES
Post-Tunnel Blank
Post-Instrument 






of	 real‐world	 driving	 conditions.	 	 The	 route,	 shown	 in	 Figure	 3‐1,	 consists	 of	 a	 41‐mile	 loop	 within	
Chittenden	County,	Vermont,	that	is	sectioned	into	different	run	“phases”.				
	











sections	of	 elevation	 gain	 and	provides	 stop‐and‐go	driving	with	 stop	 signs	 at	 each	block.	 	At	 the	 top	of	
Maple	Street,	 travel	northbound	on	South	Prospect	Street	 to	Main	Street	 (westbound)	until	arrival	at	 the	
Main	Street/Route	2	junction	with	I‐89	completes	the	urban	driving	phase.	














A	 set	 of	MATLAB	 programs	were	 developed	 to	 combine	 and	 process	 the	 data	 collected	 by	 the	 TOTEMS	
instruments.		Standard	operating	procedure	(SOP)	documents	describe	the	steps	to	be	performed	for	data	
management	 prior	 to	 running	 the	 MATLAB	 programs,	 including	 required	 file	 formats,	 parameters,	 file	
naming,	and	file	placement.		The	documentation	also	gives	details	on	operating	the	MATLAB	programs	and	
how	to	read	and	interpret	the	program	outputs.		The	first	program’s	function	is	to	combine	the	data	from	













management	 program	 can	 then	 be	 executed	 for	 the	 set	 of	 files	 contained	 within	 that	 directory.	 	 The	
program	reads	the	entire	set	of	data	files	one	line	at	a	time,	reformats	some	of	the	data,	and	then	prints	a	
single	output	file	having	a	homogeneous	format	with	all	of	the	data	sorted	according	to	the	data	time	stamp.		
























Calibration	 equations	 are	 derived	 for	 each	 sensor	 relating	 the	 flow	 rate	 (Lpm)	 to	 the	measured	 voltage	




























exhaust	 gas	 species	 of	 highest	 concentration;	 CO	 and	 hydrocarbons)	 per	 unit	 quantity	 of	 fuel	 input	
(gasoline,	 CxHy).	 	 The	 FTIR	 instrument	 provides	 1Hz	measurement	 of	 the	 concentration	 of	 CO2,	 CO	 and	
hydrocarbon	 species	 in	 the	 exhaust.	 	 By	 determining	 the	proportional	 relationship	 between	 these	major	
carbon‐containing	 compounds	 in	 the	 exhaust	 and	 the	 fuel	 consumed,	 the	 fuel	 consumption	 rate	 can	 be	




composition.	 	 The	 assumed	 gasoline	 composition,	 C1H1.8,	 and	 density	 (6.15	 lb/gal)	were	 chosen	 to	 be	 in	
close	agreement	with	the	Code	of	Federal	Regulations	value	of	2421	grams	of	carbon	per	gallon	of	gasoline	
(CFR,	 1977).	 	 It	was	 also	 assumed	 that	 the	 only	 significant	 carbon‐containing	 species	 in	 vehicle	 exhaust	
were	CO2,	CO	and	hydrocarbons,	with	the	propane	measured	by	FTIR	as	the	proxy	for	total	hydrocarbons	
(HC).			
























































































In	 Equation	 4‐6,	 the	 gas	 emission	 rates	 [g/s]	 were	 computed	 as	 the	 product	 of	 the	measured	 FTIR	 gas	






estimate	 of	 the	 vehicle’s	 fuel	 economy	 (miles/gal),	 assuming	 constant	 gasoline	 density	 and	
stoichiometric	air‐to‐fuel	ratio	during	combustion:	
	
Fuel_Economy	[mi/gal]	=	VehicleSpeed mi /hr 6.15 lb /gal 14.7[lbair / lbfuel ]




















A	 total	 of	 six	 runs	 were	 completed	 for	 the	 Proof‐of‐Concept	 testing.	 	 In	 addition	 to	 the	 run	
summaries	 provided	 in	 Table	 1‐1	 and	 Table	 3‐1,	 Tables	 5‐1	 and	 5‐2	 summarize	 the	mean	 and	
range	of	parameters	measured	for	each	run	(Table	5‐1)	and	the	odometer	readings,	fuel	economy	
and	brief	run	notes	(Table	5‐2).	
Table 5-1.  Mean Values of selected parameters for Proof-of-Concept Runs* 
Parameter Units Run 1 Run 1.5 Run 2 Run 3 Run 4
EEPS Total Conc. (#/cm3) 6670.13 1252.47 3876.24 4164.28 2026.99
CPC Total Conc. (#/cm3) 4035.09 0.0471 3168.7 N/A 1788.26
CO ppm 722.14 N/A 1104.29 598.18 556.50
CO2 % 12.74 N/A 12.9 10.44 10.27
Toluene ppm 7.16 N/A 6.33 0.69 0.49
1-3 butadiene ppm 2.09 N/A 1.99 2.04 2.12
formaldehyde ppm 14.86 N/A 0.38 0.05 0.21
NH3 ppm 12.45 N/A 32.78 32.00 31.30
Acetylene ppm 4.78 N/A 3.07 1.04 0.67
NO ppm 172.54 N/A 118.11 107.01 81.84
NO2 ppm 0.42 N/A 0.84 0.48 0.76
In-car Temp ÞC 13.78 19.22 19.72 35.81 27.01
In-car RH % 41.08 31.41 26.05 21.44 33.14
Out-of-car Temp ÞC 9.17 15.32 18.77 33.96 23.21
Out-of-car RH % 58.4 39.61 28.42 23.41 42.1
Exhaust Temp. ÞC 206 201 249 229 239
Speed MPH 32.06 27.28 33.19 31.21 31.17
Acceleration MPH/sec -0.01 -0.002 -0.002 -0.003 -0.003
Acceleration MPH/sec -7.0–5.0 -10.0–7.0 -7.0–5.0 -7.0–6.0 -8.5–6.0
Engine RPM RPM 633–3452 633–4578 634–3891 631–4240 627–4230
Mass Air Flow lb/min 0.40–8.49 0.41–15.63 0.39–11.91 0.37–11.08 0.40–11.96
















Run No. Date Start Stop Gallons mi mi/gal
1 1-Apr-09 148424 148483 2.323 59 25.4
1.5 12-May-09 Not recorded Not recorded N/A N/A N/A
1.75 14-May-09 Not recorded Not recorded N/A N/A N/A
2 17-May-09 148619 148661 7.83 N/A N/A
3 21-May-09 148661 148702 1.808 41 22.7
4 22-May-09 148702 148743 1.324 41 31.0




Missing the warm-up loop, initial end of route
Run with GP2X accelerometer
New route: run 1
New route: run 2
New route: run 3 	
	
5.1.1 Sampling Run Number 1:  Full Run on First Driving Route 
The	 full	TOTEMS	 instrumentation	was	employed	on	April	 1,	 2009	as	 the	 first	Proof‐of‐Concept	 sampling	
and	 data	 collection.	 	 The	 route	 used	 for	 the	 first	 sampling	 run	 included	 a	 section	 of	 rural	 arterial	 roads	










(missing	 78%)	 due	 to	 faulty	 wiring	 connections.	 	 This	 problem	 was	 rectified	 for	 all	 subsequent	 runs.		
Similar	information	for	all	Proof‐of‐Concept	runs	is	available	in	Appendix	D.	




The	 TOTEMS,	 with	 the	 exception	 of	 the	 FTIR,	 was	 used	 to	 evaluate	 noise	 in	 both	 particle	 emissions	
instruments	on	May	12,	2009.		For	just	this	test,	the	inlets	of	both	the	EEPS	and	CPC	instruments	had	HEPA	
filters	 such	 that	 any	 signal	 detected	 during	 the	 run	was	 due	 solely	 to	 instrument	 noise.	 	 The	 source	 of	
instrument	 noise	was	 anticipated	 to	 be	 higher	 for	 the	 EEPS	 instrument	 than	 for	 the	 CPC	 because	 of	 the	





is	advertised	as	having	the	ability	to	act	as	a	sensitive	 ‘tilt‐meter’	to	record	instantaneous	road	grade.	 	 In	
this	 preliminary	 run,	 it	 was	 observed	 that	 the	 device	 is	 limited	 to	 a	 single	 sampling	 rate	 of	 400	 Hz,	
generating	 a	 huge	 quantity	 data	 that	 has	 not	 yet	 been	 reconciled	 with	 the	 other	 TOTEMS	 devices.		


















demonstrate	 that	 the	 study	 team	has	 developed	 the	 TOTEMS	 instrumentation	 package	 to	 the	 point	 that	









mount	 that	was	originally	 built	 for	 a	different	 instrument.	 	We	 suspect	 that	 the	 shock	 absorbers	 on	 this	
vibration	mount	 frame	were	not	sufficient	 for	the	weight	and	size	of	the	EEPS	instrument.	 	Therefore,	by	
mid‐June	2009,	(i)	new	shock	absorbers	will	be	ordered,	(ii)	a	new	vibration	mount	and	EEPS	suspension	
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(CO2,	upper	right);	nitric	oxide	(NO,	 lower	 left);	nitrogen	dioxide	(NO2,	 lower	right).	Note	 that	 the	









During	 the	 Proof‐of‐Concept	 Runs	 the	 ScanTool	 data	 (Figure	 5‐5)	 indicate	 that	 the	 vehicle	 operating	
parameters	 were	 quite	 comparable	 between	 runs,	 but	 relatively	 variable	 over	 individual	 runs	 as	 is	
expected	 for	 real‐world	driving.	 	 The	 final	driving	 route	vehicle	 speed	distribution	 compares	well	 to	 the	
Federal	Test	Procedure	(see	Figure	5‐5,	lower	right	panel),	but	with	higher	speeds	attained	under	the	real‐


















Figure	5‐5.	 	Box	plots	of	 four	ScanTool	parameters	by	Run:	 	 intake	mass	air	 flow	 (MAF,	upper	 left),	engine	
speed	(in	RPM,	upper	right);	throttle	position	(lower	left);	vehicle	speed	(in	MPH,	lower	right).		Note	that	the	







As	 stated	 above,	 future	 data	 analysis	 efforts	will	 focus	 on	 detailed	 examination	 of	 the	 second‐by‐second	
emissions	and	operating	data.		Figure	5‐7	shows	a	300‐sec	section	of	the	Run	1	CPC	and	EEPS	total	particle	
concentration	data	which	highlights	the	fact	that	low	particle	number	concentrations	are	experienced	most	
of	 the	 time,	with	 periodic	 high	 concentration	 events.	 	 The	 data	 in	 Figure	 5.6	 show	 (i)	 excellent	 tracking	
between	 the	 two	 particle	 instruments	 and	 (ii)	 the	 fact	 that	 the	 EEPS	 instrument	 can	 quantify	 particle	
concentration	when	the	CPC	upper	limit	is	exceeded	(the	CPC’s	blue	line	is	maxed	out	at	~	280	sec,	whereas	
the	EEPS’	green	line	is	not).			
Finally,	 future	analysis	will	 examine	how	vehicle	operation	affects	 the	particle	number	distributions.	 	As	
Figure	5‐8	shows,	the	EEPS	resolves	significant	changes	in	particle	size	over	the	driving	route.		These	data	















because	 the	 two	 particle	 instruments	 employ	 different	 measurement	 techniques	 and	 therefore	 have	
different	 lower	detection	 limits	 and	maximum	concentration	 ranges.	The	EEPS	has	 a	 significantly	 higher	
maximum	concentration	limit	than	the	CPC,	which	results	in	significant	differences	in	concentration	when	
the	CPC	 is	 “maxed	out.”	This	situation	 is	easily	 identified,	however,	because	 the	CPC	reported	values	will	
remain	at	9.99	x	104	until	the	particle	concentration	decreases	below	this	instrument	limit.	Because	of	the	
significant	 range	 of	 total	 particle	 emissions	 from	 combustion	 engines,	 this	 “maxing	 out”	 cannot	 be	
addressed	with	 increased	dilution	because	 then	 the	 lower	particle	 concentrations	 (i.e.,	 at	 idle	operation)	
would	not	be	quantifiable.	The	dilution	factor	of	125	used	in	the	TOTEMS	Proof‐of‐Concept	runs	resulted	in	




sensitivity	 to	 vibration.	 The	 electrometers	 on	 the	 EEPS,	 especially	 at	 lower	 concentrations,	 are	 very	








identical	 response	 times	 to	 concentration	 changes	 are	 seen	 between	 the	 instruments.	 Lab	 tests	 were	
conducted	using	30	to	50	nanometer	sodium	chloride	particles.	Sodium	chloride	was	dissolved	in	distilled	
water	 at	 a	 concentration	 of	 0.2	 g/L	 and	 atomized	 using	 particle‐free	 compressed	 air	 in	 the	 TSI,	 Inc.	
















between	 0.966	 and	 0.989	 were	 routinely	 seen)	 as	 particle	 concentration	 increased.	 This	 nearly	 linear	
relationship	between	the	EEPS	and	CPC	concentrations	allows	application	of	a	simple	regression	equation	




Figure	 6‐3.	 	 Laboratory	 sodium	 chloride	 total	 particle	 number	 concentrations	 collected	
simultaneously	 on	 EEPS	 and	 CPC	 instruments.	 The	 solid	 line	 is	 the	 best‐fit	 linear	 regression	
equation:	UCPC	conc	=	1.582	(EEPS	conc)	‐	5213.			
	




stable	 at	 lower	 concentrations	 (i.e.,	 well	 below	 its	 maximum	 concentration	 value	 of	 9.99	 x104	 #/cm3)	
because	as	concentration	increases,	multiple	particles	flow	through	the	optic	sensor	at	the	same	time.	An	



















To	 ensure	 the	 dilution	 system	was	 accurately	 diluting	 the	 aerosol,	 laboratory	 tests	 were	 performed	 by	
generating	sodium	chloride	particles	(Figure	6‐1).	An	undiluted	baseline	concentration	was	first	measured	
with	 only	 the	 EEPS	 because	 the	 concentration	 exceeded	 the	 limits	 of	 the	 CPC.	 Using	 the	 same	 particle	






































Experimental	 data	 sampled	 continuously	 over	 time,	 such	 as	 emissions	 from	 an	 automobile’s	 tailpipe,	
introduce	 important	 issues	 that	 restrict	 us	 from	 applying	 many	 of	 the	 classical	 statistical	 techniques	
directly.	 Two	 common	 concerns	 deal	 with	 autocorrelation	 and	 nonstationarity.	 The	 first	 describes	 the	
correlation	of	adjacent	data	points	 in	 the	series	–	 for	example,	when	a	value	at	 time	 t	 is	above	the	series	
mean,	the	next	value	(t+1)	or	its	previous	(t‐1),	are	more	likely	to	also	be	above.	This	violates	the	classical	








The	 specific	 goals	 of	 the	 modeling	 effort	 will	 be	 determined	 by	 the	 nature	 of	 each	 scientific	 question	
considered.		The	inclusion	of	a	set	of	independent	variables	can	be	chosen	to	build	two	types	of	regression	
models:	 explanatory	 and	 predictive.	 These	 two	 are	 fundamentally	 different.	 The	 goal	 of	 an	 explanatory	
model	 is	 to	 detect	 the	 strength	 of	 association	 between	 some	 response	 (emissions)	 and	 a	 subset	 of	
potentially	 related	 variables	 (e.g.	 %	 engine	 load,	 fuel	 rate,	 engine	 speed,	 flow	 rate,	 velocity,	 and	
acceleration).	Alternatively,	a	predictive	model	 tries	 to	discover	variables	 that	predict	 the	value	of	a	new	





and	 ANOVA	 table).	 Alternatively,	 two	 model	 diagnostics	 can	 be	 used	 to	 measure	 goodness	 of	 fit	 by	
balancing	 the	 error	 of	 fit	 against	 the	 number	 of	 model	 variables.	 Most	 commonly,	 we	 use	 Akaike’s	
Information	Criterion	 (AIC)	or	Schwarz’s	 Information	Criterion	 (SIC)	 and	 conclude	 the	 lowest	AIC	or	SIC	
value	is	the	most	efficient	and	parsimonious	model.		These	are	important	alternatives	to	the	inappropriate	
consideration	of	R2	alone;	a	model	statistic	that	has	received	unwarranted	attention	and	emotion.	
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Table A-1. MKS MultiGas Measured Detection Limits & Manufacturer Calibration Gas Concentrations 












Std          
(ppm or %)





Carbon Monoxide 3.01 99.6 5000 4997
Carbon Monoxide (%) 0.02 3.19 7.99 8 0-15
Nitric Oxide 1.47 279 2795 2794
Nitrogen Dioxide 0.54 358 488 487
Ammonia 0.42 12.73 2995 2995
Sulfur Dioxide 1.00 19.6 964.5 963
Ethane 2.09 100.4 1004 1002
Octane 1.64 20 1000 998
IsoOctane 1.66 20 1000 998
1,2,4-Trimethylbenzene 3.49 20 1000 997
1,3,5-Trimethylbenzene 1.77 100 1000 998
Ethylene 1.51 9.74 3000 2998
Propylene 4.76 89.8 194 189
1,2-Propadiene 1.11 306 1020 1019
2-Methylpropene 1.82 150 500 498
2-Methyl-2-Butene 11.08 19.57 19.57 8
Ethanol 3.28 20 1000 997
Methanol 1.35 18.63 931.74 930
Acetylene 1.77 101.6 1016 1014
Propyne 4.43 50 500 496
Formaldehyde 1.16 4.2 69 68
1,3-Butadiene 3.18 8.3 83.4 80
Toluene 22.55 18.63 931.74 909
m-Xylene 5.56 93.17 931.74 926
Carbon Dioxide (%) 0.15 4.6 23 23 0-20
Methane 3.64 414 3143 3139
Nitrous Oxide 0.77 146.9 200.1 199
Water (%) 1.17 17.87 20.57 19




































































Table C-1. Driving route directions with directions indicated by  
L – left, R – right, and C – continue straight. 
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12 Appendix D. Descriptive Statistics Tables for Sampling Runs  
	
12.1 Sampling Run 1 Descriptive Statistics  
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Run	1	Blanks:	Descriptive	Statistics	for	EEPS	and	CPC	
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Run	1	Blanks:	Percent	of	Missing	data	for	EEPS	and	CPC	
	
	
EEPS	Pre‐run	Instrument	Blank	Descriptive	Statistics	of	Size	Distribution	
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EEPS	Pre‐run	Tunnel	Blank	Descriptive	Statistics	of	Size	Distribution	
	
	
	 44
EEPS	Post‐run	Tunnel	Blank	Descriptive	Statistics	of	Size	Distribution	
	
	
	
	
EEPS	Post‐run	Instrument	Blank	Descriptive	Statistics	of	Size	Distribution	
	
	
	 45
Run	1	pre‐purge	descriptive	statistics	for	FTIR	
	
	 46
Run	1	post‐purge	descriptive	statistics	for	FTIR	
	
	
Run	1	FTIR	percent	of	missing	data	for	pre	and	post‐purge	
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Run	1	EEPS	and	CPC	concentration	descriptive	statistics	over	entire	run	
	
	
Run	1	GPS	receivers	descriptive	statistics	
	
	
Run	1	descriptive	statistics	for	Labview	device	1	parameters	
	
	
Run	1	descriptive	statistics	for	Labview	device	2	parameters	
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Run	1	descriptive	statistics	for	ScanTool	
	
	
Run	1	EEPS	and	CPC	percent	of	missing	data	
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Run	1	percent	of	missing	data	for	all	operational	parameters	
	
	
Run	1	FTIR	monitoring	parameters	descriptive	statistics	
	
	
	
	 50
	Run	1	descriptive	statistics	for	FTIR	
	
	
Run	1	percent	of	missing	data	for	FTIR	
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12.2 Sampling Run 1.5 Descriptive Statistics  (Vibration Noise Run) 
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FIGURE	C‐1.		RUN	1.5	PLOT	OF	NOISE	ON	EEPS	AND	CPC:	
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12.3 Sampling Run 1.75  Descriptive Statistics (Tiltmeter) 
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12.4 Sampling Run 2 Descriptive Statistics  
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